We determined the levels of ribosomal ribonucleic acid similarity among 30 Bacteroides species. The ribosomal ribonucleic acid homology values (determined by using the membrane competition method and both 16s and 23s ribosomal ribonucleic acid subunits) ranged from 100 to 4%. The organisms presently placed in the genus Bacteroides represent a major phylogenetic unit, as shown by the sequence diversity of the ribosomal ribonucleic acid cistrons among the species. There were three major clusters of species, which had intercluster homology values of 20 to 30%. The first cluster consisted of Bacteroides fragilis and nine other saccharolytic species which are common fecal organisms. The second cluster contained Bacteroides melanogenicus and 11 other moderately saccharolytic species, many of which are commonly isolated from human oral cavities. The third, rather heterogeneous cluster contained Bacteroides asaccharolyticus and four other mostly asaccharolytic species.
Organisms in the genus Bacteroides Castellani and Chalmers 1919 are gram-negative, nonsporeforming, rod-shaped bacteria that are obligately anaerobic and usually nonmotile. Thirty-nine species are included in Bergey's Manual of Systematic Bacteriology (11) . The species are rather diverse; cell morphology and saccharolytic and proteolytic activities are variable among species, and the guanine-plus-cytosine contents of the deoxyribonucleic acids (DNAs) range from 28 to 61 mol% (11) . Two species, Bacteroides multiacidus and Bacteroides hypermegas, recently have been removed from the genus on the basis of phenotypic differences (28, 29) .
Bacteroides species are major constituents of the bacterial flora in oral cavities, in ceca and large intestines of humans and animals, and also in rumina of ruminants (1, 8, 11, (22) (23) (24) . Some of the species have clinical importance and are often isolated from soft-tissue infections (5, 11, 12) .
The purpose of the present investigation was to determine phylogenetic relationships among Bacteroides species by using ribosomal ribonucleic acid (rRNA) homology experiments. The strains used included most of the species that frequently are isolated from humans and several species that are commonly isolated from animals.
MATERIALS AND METHODS
Bacterial strains. The bacterial strains used in this study are listed in Table 1 . The American Type Culture Collection designations are given for the type strains, and Virginia Polytechnic Institute and State University designations are given for the rest of the strains. For most species the type strain was used as the reference culture (i.e., the culture from which labeled rRNA was prepared and against which rRNAs from the other strains were compared), although the type strains of two species (Bacteroides denticola and Bacteroides buccalis) were not available when this study was initiated. For species that have not been formally described, a strain characteristic of the DNA homology group was used to prepare the labeled reference rRNA.
Nucleic acid preparation and hybridization experiments.
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The strains were grown in a complex medium; the preparation and composition of this medium have been described previously (12). High-molecular-weight DNA was isolated by the method of Marmur (21) , and rRNA was isolated by using a variation of the Kirby procedure, as described previously (14, 26). For competitor rRNA preparations, concentrations were adjusted to 2 mg/ml. The rRNA samples that were to be used for iodination were purified further by CsCl centrifugation, and the 16s and 23s components were separated from low-molecular-weight ribonucleic acid species by sucrose gradient centrifugation, as described by Selin et al.
(26).
Samples of rRNA (100 pg) containing the 16s and 23s rRNA components were labeled with 1251 by using a variation of the Tereba-McCarthy procedure (26,34). The specific activities of the preparations ranged from 3 x 10' to 8 x 10' cpm/pg of rRNA,
The procedures used for the rRNA homology experiments have been described previously (14, 17) . The rRNA hybridizations were done in 4x standard saline citrate (SSC; l x SSC is 0.15 M NaCl plus 0.015 M sodium &rate)-1 mM sodium HEPES (N-2-hydroxyethylpiperazine-iV-2-ethanesulfonate) buffer (pH 7) containing 45% formamide, and the reaction vials were incubated at 50°C for 15 h. Each hybridization mixture contained 0.3 pg of '251-labeled rRNA, 0 or 50 pg of competitor rRNA, and about 4 pg of DNA (immobilized on a nitrocellulose filter [3 by 9 mm]).
The thermal stabilities of the rRNA hybrids, with the DNAs immobilized on nitrocellulose membranes, were determined as previously described (14, 17). The elution temperatures were increased in 5°C increments from 35 to 85°C. The elution buffer used was 4 x SSC-1 mM HEPES buffer (pH 7) containing 50% formamide.
RESULTS
The rRNA homology results are shown in Table 1 . The levels of homology among the Bacteroides species ranged from 100 to 4%. Ribonucleic acids from two distantly related organisms, Escherichia coli and Methanobacterium formicicum, were included as controls; the average levels of rRNA homology for these two species with 16 of the reference strains were 14 5 6 and 10 5 4%, respectively, Continued on following puge were usually very comparable. Closely related species gave similar results when they were compared with all of the other strains tested. Average rRNA homology values among the species were calculated from the data shown in Table 1 and were clustered by using the unweighted pair group method and arithmetic averages; the resulting data were used to construct the rRNA homology dendrogram shown in Fig. 1 (32) . The species formed the following three major clusters: Bacteroides fragilis and related species (Fig. 1, B . fragilis through Table 1 ) were averaged, and then the values were clustered by using the unweighted pair group method and arithmetic averages (32). The DNA homology relationships were obtained from the literature (3, 9-13, 18, 19, 30, 35, 36) .
Bacteroides sp. "T4-1"), Bacteroides melaninogenicus and related species (B. melaninogenicus through Bacteroides sp.
"fb"), and a more heterogenous cluster consisting of Bacteroides asaccharolyticus and other less saccharolytic or asaccharolytic species. Bacteroides splanchnicus, Bacteraides praeacutus, and Mitsuokella multiacidus exhibited less than 20% rRNA homology with the other species or with each other. The cophenetic correlation coefficient between the original matrix and the matrix derived from the dendrogram constructed by using the unweighted pair group method and arithmetic averages was 0.944. Also shown in Fig. 1 are the levels of DNA homology among selected species. Most of these values were from previous work (3, 9-13, 18, 19, 30, 35, 36) , including experiments assayed by membrane competition (13, 36) , direct binding to membraneimmobilized DNA (3), and S1 nuclease (9, 10, 12, 18, 19) methods .
The thermal stabilities of the homologous rRNA hybrids were determined for 26 of the reference organisms. The average melting temperature was 67.8 2 1.2"C (data for 13 hybrids are shown in Table 2 ; data for the other hybrids are not shown). The thermal stabilities of selected heterologous hybrids also were determined, and the differences in thermal stability between the homologous and heterologous hybrids [AT,,,,] are shown in Table 2 . The correlations between these values and the rRNA homology values are shown in Fig. 2 ; the longer of the two regression lines is for all of the homology values and has an intercept at 95.1% homology and a slope of -3.9% homology per degree of AT,,,,, while the shorter line is for those organisms which exhibited more than 40% rRNA homology and has an intercept at 98.2% and a slope of -5.3% per degree.
DISCUSSION
The organisms presently placed in the genus Bacteroides represent a mgjor phylogenetic unit, as shown by the sequence diversity of the rRNA cistrons among the species. The majority of the species included in this study fit into one of three clusters; the intracluster rRNA homology values ranged from about 35 to loo%, and intercluster homology values were about 25%. B . fragilis cluster. All of the species in the B . fragilis cluster are saccharolytic and can be readily isolated from human feces (8, 13, 21), although isolates have also been obtained from other animals (13) . In addition, a group of B . fragilis-like organisms that were isolated from cats and dogs but exhibited no detectable DNA homology with any of the B. fragilis group species also belong to this rRNA homology cluster (Love et al., submitted for publication). Therefore, it would not be surprising to find additional Bacteroides species belonging to this cluster that were isolated from the alimentary tracts of various animals, B . melaninogenicus cluster. Many of the species in the B. melaninogenicus cluster are readily isolated from mouths (11, 12, 20, 23, 24, (27) (28) (29) 31) , while others have been isolated from human clinical specimens (9, 10, 12, 18) ; however, these organisms are not commonly isolated from fecal contents (8,22). Black or brown pigments are produced by several of the species; however, this trait has been found to be variable even within a species (10, 18) .
In general, the species in this cluster are more diverse than the species in the B. fragilis cluster, with most of the species exhibiting about 50 to 60% interspecies homology.
B . asaccharolyticus cluster. Except for Bacteroides VOL. 36, 1986 rRNA HOMOLOGY AMONG BACTEROIDES SPP. 77 1). B . nodosus is a nonfermentative species which has a quanine-plus-cytosine content of 45 mol% (similar to the values for other strains in the B . asaccharolyticus cluster), while B . praeacutus has a guanine-plus-cytosine content of only 28 mol% (Table I) . Several 
additional species listed in
Bergey 's Manual of Systematic Bacteriology (11) that were not included in this study would probably also fit into this category of species; examples of such species may be species that are unique to animal and insect intestinal floras.
Correlations with DNA homology results. Although rRNA cistrons are consistently more conserved than the bulk of the DNA sequences, there is a reasonably good correlation between DNA homology values and rRNA homology values (Fig. 1) . The rRNA homology results can be predicted down to about 60% from DNA homology results. There are some interesting exceptions. The DNA homology relationships shown in Fig. 1 were determined for the most part by membrane competition (B. fragilis through Bacteroides sp. strain T4-1) or by resistance of duplexes to S1 nuclease. Competition results (which are comparable to the results of hydroxyapatite homology assays) of about 60% or less are about 20% lower when the S1 nuclease method is used (7). Thus, B . fragilis and Bacteroides thetaiotaomicron groups I and I1 would exhibit between 40 and 50% homology if the S1 nuclease assay were used; this is similar to the relationships between the two Bacteroides intermedius and Bacteroides loescheii groups. However, the rRNA genes appear to be conserved to a greater extent in the first two species than in the last two. Another exception is the relationship between Bacteroides oris and Bacteroides buccae ; these two species have 100% rRNA homology and less than 10% DNA homology * Correlations with results from other bacterial groups. Our results have similarities and dissimilarities compared with results from other bacterial groups that are rather interesting. The rRNA heterogeneity of the Bacteroides group is very similar to that of the genus Clostridium with respect to both the range of rRNA homology values and the relative stabilities of the heterologous rRNA hybrids (6, 15, 17). Therefore, like Clostridium (6, 33) , Bacteroides appears to be a very old genus. On the other hand, another genus of anaerobic organisms, Veillonella, consists of a very homogeneous group of species, with even the most diverse group exhibiting nearly 60% homology with the other species (16) . In addition, the levels of rRNA similarity within the rRNA clusters of Veillonella species appear to be much greater, in that the heterologous rRNA hybrids are more stable for similar rRNA homology values. The slope of the regression line relating percentages of rRNA homology to thermal stability values is -7.6 for the Veillonella species (the published regression line [16] is off by a factor of lo), while the regression line slope for the Bacteroides species with similar rRNA homology values is -5.3.
Phylogenetically, the genus Bacteroides appears to be as diverse as a group which contains Pseudomonas, the members of the Enterobacteriacae, several helical bacteria, and some free-living nitrogen-fixing bacteria (2, 4, 6, 25, 33) .
Perhaps the heterogeneity of the ecological niches in which the latter group of organisms are found has contributed to more rapid divergence of the non-rRNA cistrons.
The variations in rRNA similarity values from one group of organisms to the next will become better understood as more groups of organisms are investigated and representative organisms from these groups are studied in greater detail (e.g., by sequencing the rRNA molecules or cistrons).
